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1. In t roduc t ion  

?he au tho r  descr ibed  t h e  we t t ed  porous f u e l  c e l l  e l e c t r o d e  i n  1963 i n  t h e  
fo l lowing  may ( 1 , 2 ) r  "The r e a c t i o n  zone i s  assumed t o  l i e  i n  t h i s  extended 
zeniscus .  Tie walls i n  t h e  g a s - f i l l e d  po res  i n  t h e  gas-d i f fus ion  e l ec t rode  
a r e  t h u s  covered by a t h i n  f i l m  of e l e c t r o l y t e  (of .  Fig. 1). 'ifie r e a c t i o n  gas  
i s  d i s so lved  i n  t h e  e l e c t r o l y t e  f i l m ,  d i f f u s e s  t o  t h e  e l e c t r o d e  s u r f a c e  and 
r .eac ts  t h e r e  so  t h a t  e l e c t r o n s  a r e  taken  from, o r  y i e l d e d  t o ,  t h e  e lec t rode .  
Tie r e a c t i o n  products  d i f f u s e  away f r o m  t h e  r e a c t i o n  s i t e ,  which i s  r e l eased  
f o r  a new reac t ion .  The electro1;rt.e f i l m  should obviously cover l a r g e  su r faces  
i n  t h e  i n t e r i o r  of t h e  porous  e l e c t r o d e  and s t and  i n  good comunica t ion  wi th  
'uoti: t h e  g a s  s i d e  and t h e  e l e c t r o l y t e  s ide ."  - This t h i n  f i l m  hypothes is  was 
presented  independently by s e v e r a l  f u e l  c e l l  workers a t  t h a t  t ime. This  was q u i t e  
n a t u r a l ,  s ince  i t  i s  d i f f i c u l t  t o  conceive t h a t  a sharp  three-phase boundary could 
e x i s t  i n  a wetted porous e l e c t r o d e ,  wher,e t h e  contac t  ang le  i s  a l m o s t  zero. W i l l  
was t h e  f i r s t  t o ' p r e s e n t  experimental  evidence o f  t h e  e x i s t e n c e  of a n  e l e c t r o l y t e  
f i l r ,  i n  t h e  case o f  s o l i d ,  p a r t i a l l y  immersed e l e c t r o d e s  (3,4).  

Tie s t u d i e s  o f  t i le gas-d i f fus ion  e l e c t r o d e  have been dominated by t h e  mathematical I 
t reaf t len t  of the  system o f  basic equat ions  governing t h e  e l e c t r o d e  processes.  As 
a r u l e ,  t h e  gas d i f f u s i o n  e l e c t r o d e  is then considered t o  be a popula t ion  o f  pores, , 
i r r e s p e c t i v e  o f  whether t h e  theo ry  u t i l i s e s  t h e  th in - f i lm  hypothes is  of  t he  hypo- 
t i e s i s  of a l i n e a r  three-phase boundary. 

The ques t ion  of s t r u c t u r e ,  honever, i s  t h e  key problem i n  t h i s  c o v e c t i o n .  The 
c r e d i t a b l e  a t tempts  made up t o  now t o  giv.e an  adequate and e f f e c t i v e  desc r ip t ion  
of t h e  s t r u c t u r e  of  t h e  porous gas-d i f fus ion  e l e c t r o d e  on t h e  b a s i s  of pore models 
have no t  been e n t i r e l y  s u c c e s s f u l .  Ksenzhek admits t h a t  a t t empt s  t o  c o r r e l a t e  t he  
p r o p e r t i e s  of porous e l e c t r o d e s  wi th  t h e  simple pore  models have only r e s u l t e d  
i n  g r e a t e r  complexity ( 5 ) .  The porous e l e c t r o d e  i s  t h e r e f o r e  conceived by Ksenzhek 
t o  be a pseudohonogeneous medium, t h e  p r o p e r t i e s  of which a r e  c h a r a c t e r i s e d  kj 
e f f e c t i v e  parameters d e f i n i n g  t h e  mass t r a n s f e r  and k i n e t i c  p r o p e r t i e s  of t h e  
medium. U c k a  has  coined t h e  express ion  " f ine - s t ruc tu re  models" (6) f o r  t h i s  type 
of continuous o r  semi-continuous e l e c t r o d e  model, and t h i s  has a lso been u t i l i s e d  
by Ksenzhek ( 5 )  and Micka i n  l a t e r  works as w e l l  as by Neman and Tobias ( 7 ) .  

The e l e c t r o d e  nodel p r e s e n t e d  below i s  an  a t tempt  i n  ano the r  d i r ec t ion .  A geo- 
m e t r i c a l  model is  developed, which corresponds as far as p o s s i b l e  t o  r e a l i t y .  
Tihe e l e c t r o d e  s t r u c t u r e  is  c h a r a c t e r i s e d  wi th  t h e  a i d  of  s t r u c t u r e  parameters 
having a r e a l  phys i ca l  import .  The working e l e c t r o d e  is conceived as a compres- 
sed powder with t h e  powder g r a i n  s u r f a c e s  covered by a f i l m  o f  e l e c t r o l y t e  cf. 
(4,5). This theory  has  p r e v i o u s l y  been c a l l e d  the'bowder f i l m  theory" (8 ,9 j  
because of t h i s  concept ion  of t h e  e l ec t rode .  
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m. co:lesive gas  phase between powder g r a i n s  i n  t h e  porous e l e c t r o d e  s t r u c t u r e  
i s  conceived as being a network of i n t e r s t i c e s .  Tiis i n i t i a l  concept i s  supple- 
mented by a nodel of t h e  cohesive f i l m  on t h e  g r a i n  s u r f a c e s ,  t h e  f i l m  network, 
wiiich i s  u t i l i s e d  f o r  descr ib ing  t h e  mass t r a n s f e r  condi t ions  a long  the e lec t ro-  
l $ t e  f i l m .  The e l e c t r o d e  s t r u c t u r e  can then  be c h a r a c t e r i s e d  on t h e  basis of 
t h e s e  models wi th  t h e  a i d  of s t r u c t u r e  parameters ,  mainly t h e  f i l m  area, f i l m  
per imeter ,  f i l m  th ickness ,  i n t e r s t i c e  width, i n t e r s t i c e  t o r t u o s i t y  and f i l m  
t o r t u o s i t r .  The s t r u c t u r e  parameters  can be determined i n  a non-electrochemical 
way by means of d i la tometer  measurements, f i l m  r e s i s t a n c e  m'easurements, e t c . ,  
under a c t u a l  s e r v i c e  condi t ions.  The nodel  t h e r e f o r e  forms a good s t a r t i n g  poin t  
f o r  t h e  formulation o f  an absolu te  e l e c t r o d e  and f u e l - c e l l  theory.  

2. Gas p e n e t r a t i o n  i n t o  a porous gas-diffusion e l e c t r o d e  

Gas-diffusion e l e c t r o d e s  a r e  o f t e n  produced w i t h  t h e  he lp  of  powder metallug.; 
by p r e s s i n g  (or r o l l i n g )  of m e t a l l i c  powder, fol lowed by a s i n t e r i n g  process .  
Press ing  g i v e s  t h e  e l e c t r o d e  p l a t e  a c e r t a i n  s t r e n g t h ,  which i s  considerably 
improve2 during s i n t e r i n g .  During s i n t e r i n g ,  t h e  g r a i n s  i n  t h e  contac t  s u r f a c e s  
become bonded under t h e  i n f l u e n c e  of s u r f a c e  f o r c e s  and p l a s t i c  deformation. The 
s t r u c t u r e  developed dur ing  t h e  press ing ,  however, remains l a r g e l y  speaking un- 
a l t e r e d .  Phis  is e s p e c i a l l y  t r u e  of  a c t i v e  n i c k e l  e l e c t r o d e s ,  which a r e  s i n t e r e d  
a t  a lorn temperature, 500 t o  600OC. 

k s e c t i o n  through t h e  coarse  l a y e r  of a working e l e c t r o d e  i s  shown i n  Fig. 2. The 
powder g r a i n s  318 assumed t o  be covered by a cohesive e l e c t r o l y t e  f i l m .  Cohesive 
e l e c t r o l y t e  br idges are formed a c r o s s  narrow passages. The c ross -sec t iona l  a r e a  
i s  t h u s  divided up i n t o  e l e c t r o d e  material, f i l m ,  e l e c t r o l y t e  br idges  and gas- 
f i l l e d  s?aces. 

%e e l e c t r o d e  may be conceived as being a s t a c k  of s u f f i c i e n t l y  t h i n  d i s c s ,  
e l e c t r o d e  s e c t i o n s ,  which can be formed f r o m  a s e r i e s  of  s e c t i o n s  p a r a l l e l . t o  
t h e  e l e c t r o d e  sur face  ( i n  a homogeneous e l e c t r o d e  material  t h e  s t r u c t u r e  of t h e  
s e c t i o n s  i s  not a f f e c t e d  by t h e  o r i e n t a t i o n ) , '  c f .  Fig.  3.  The t o t a l  e l e c t r o d e  
a r e a  i n  1 czi2 e l e c t r o d e  s e c t i o n s  a v a i l a b l e  f o r  e lec t rochemica l  r e a c t i o n  c o n s i s t s  
of t h e  e l e c t r o d e  a r e a  covered by t h e  e l e c t r o l y t e  f i l m ,  i .e . ,  dA = N dL s, 
where N i s  t h e  f i l m  l ength  o r  f i l m  per imeter  a v a i l a b l e ,  and s a t o r t u o s i t y  f a c t o r ,  
t h e  i n t e r s t i c e  t o r t a o s i t y .  ( E l e c t r o c a t a l y t i c a l l y  a c t i v e  m a t e r i a l  is assumed t o  be 
.ai?orml;. d i s t r i b u t e d  over  t h e  e l e c t r o d e  sur face . )  The area o f  t h e  f i l m  covering 
t h e  e l e c t r o d e ,  which can be c a l l e d  t h e  f i l m  a r e a  dA, i s  sometimes considerably 
l e s s  than tLe a c t u a l  a r e a  of t h e  underlying e l e c t r o d e  material. 

With low d i f f e r e n t i a l  p r e s s u r e s  and an , e l e c t r o d e  body completely f i l l e d  with 
e l e c t r o l y t e ,  t h e  sur face  f o r c e s  binding t h e  e l e c t r o l y t e  t o  the e l e c t r o d e  m a t e r i a l  
i n  t h e  outer  l a y e r  of t h e  e l e c t r o d e  exceed t h e  gas p r e s s u r e  a c t i n g  on t h e  l i q u i d  
b o Q .  When a c e r t a i n  c r i t i ca l  pressure  i s  reached, however, t h e  f i r s t  minute 
q u a n t i t y  o f  gas  begins t o  p e n e t r a t e  i n t o  t h e  e lec t rode ,  see Fig.  4. The gas 
p r e s s u r e ,  mbich a c t e d  on t h a t  p a r t  o f  t h e  l i q u i d  body i n  t h e  o u t e r  layer which 
had been forced back, then very s l i g h t l y  exceeds t h e  c a p i l l a r y  f o r c e  which a c t e d  
on t h i s  ?art of t h e  l i q u i d  bo4;. a t  t h e  i n s t a n t  when i t  was disp laced .  As t h e  pres- 
s u r e  i n c r e a s e s ,  t h e  e l e c t r o l y t e  i s  d isp laced  more and more f o r  t h e  same reason. 
The volume of  t h e  e l e c t r o l y t e  d isp laced  i s  equal  t o  t h e  c ross -sec t iona l  a r e a  o f  
t h e  neivly formed g a s - f i l l e d  spaces  i n  a t y p i c a l  e l e c t r o d e  s e c t i o n  m u l t i p l i e d  by 
t h e  th ickness ,  L, of t h e  coarse  layer .  
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An i n c r e a s e  of dP f o r  a d i f f e r e n t i a l  p r e s s u r e  P, dyn/cm2, r e s u l t s  i n  a f u r t h e r  gas 
pene t r a t ion ,  dV, cor responding  t o  a c ross -sec t ion  w i t h  an  a r e a  equal t o  dV/L and 
t h e  f i l m  per imeter  dN. If t h e  su r face  t ens ion  i s  denoted Ti dyn/cm and t h e  contact 
angle  0 ,  t he  balance between t h e  d i f f e r e n t i a l  p re s su re  and t h e  c a p i l l a r y  force  I 

for t h e  elements i n  q u e s t i o n  g i v e s  

/ 

I Dilatometer experiments,  see below, g i v e  V = f (P), from which 

dV = f'(P) - dP 
and 

diu' - I,' - COS e = P f l ( ~ )  U/L 

a r e  obtained. 

I n t e g r a t i o n  g i v e s  

P 
/- 

P f ' ( P )  ' d 2  1 
L * (7' cos e :i = 

0 

A number of s i g n i f i c a n t  conclus ions  can be drawn f r o m  E q .  
pres su re  P and a s t e e p  d e r i v a t i v e  f ' ( P )  g i v e  a h igh  va lue  
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,3vO L i f f e r e n t  k inds  of e l e c t r o l y t e  t r a n s p o r t  ctin be conceived: p lug  f low and f i l m  
flo:?. P1Gg f l o w  would correspond t o  t h e  normal flow i n  a p ipe  under t h e  in f luence  
of a p r e s s u r e  g rad ien t .  This  assumes t h a t  t h e  e n t i r e  c ross -sec t ion  i n  t h e  p ipe /  

thro.Si: :::e d i sp lacenent  of l i q u i d  from f i l m  reg ions  having a h ighe r  thermodyna- 
m i c  p o t e n t i a l  to, r eg ions  having  a lower p o t e n t i a l .  Film f low compared wi th  p lug  
flow n u s t  be a less e f f i c i e n t  p rocess  f o r  m a t e r i a l  mass t r a n s f e r ,  owing t o  g r e a t e r  
frictio::al  r e s i s t a n c e  and a l o w  d r i v i n g  f o r c e .  It should be p o s s i b l e ,  however, 
for n a s s  t r a n s f e r  by means of  f i l m  f low t o  t ake  p l a c e  independent of ink-stand 
z t = u c t . z e s ,  e t c .  This aeans  t h a t  it should  be p o s s i b l e  f o r  t h e  hysteresis t o  be 
c o r e  o r  less e l i n i n a t e d ,  i f  t h e  changes i n  p re s su re  a r e  made s u f f i c i e n t l y  slow t o  
g ive  t i n e  f o r  t h e  f i l n  flow. This  i s  not  c o n t r a d i c t e d  by the  experiments.  &ste-  
r e s i s  i s  t r e a t e d  wit:? t h e  a id  of an i n t e r s t i c e  model. The space  between t h e  g r a i n s  
I n  an e l e c t r o d e  s e c t i o n ,  c f .  Figs. 2 and 3, i s  assumed t o  be d iv ided  i n t o  i n t e r -  
s t i c e s ,  c f .  Fig. 6 .  Tnese i n t e r s t i c e s  a r e  assumed t o  be g radua l ly  and success ive ly  
f i l l e d  x i t i  e l e c t r o i y t e  as t h e  d i f f e r e n t i a l  p r e s s u r e  drops ,  or wi th  g a s  as t h e  
C - f f e r e n t i a l  p re s su re  i n c r e a s e s .  Th i s  p r e s e n t a t i o n  i s  t h u s  based on t h e  geometrical  
r e i a t i o n s h i 2 s  durir.g tSe  c o n s t r i c t i o n  process .  

Xn i n t e r s t i c e  has t h e  wid th  D, he igh t  C and th i ckness  equal  t o  t h a t ,  dL, of t h e  
e l e c t r o d e  sec t ion .  ( D  does no t  i nc lude  t h e  f i l m . )  The i n t e r s t i c e  t h i c k n e s s  dL i s  
cons tan t  and t;;e he ight  G i s  assuned t o  be cons tan t  so that t h e  i n t e r s t i c e  cross- 
sec t io r .  w i l l  a l s o  be cons t an t  (= dL * C ) .  Under t h e s e  cond i t ions  t h e  i n t e r s t i c e  
v o l w e  is  consequently d i r e c t l j  p ropor t iona l  t o  t h e  i n t e r s t i c e  wid th  D. Each 
i n t e r s t i c e  w i d t h ,  D, c l e a r l y  corresponds t o  a c e r t a i n  d i f f e r e n t i a l  p r e s s u r e ,  P, 

+Le i r . t e z s t i c e  i n  ques t ion  can f r e e l y  conmunicate wi th  t h e  gas  and e l e c t r o l y t e  
c i&e v i a  2 chain of o t h e r  i n t e r s t i c e s  o f  a t  l e a s t  t h e  same width.  

' po re  i s  f i l l e d  wi th  l i q u i d .  The f i l m  f low would r e p r e s e n t  t r a n s p o r t  o f  l i q u i d  

. .  .. ,J.~*C?- ,, : i s  j u s t  s - J f f i c i e n t  f o r  g a s  p e n e t r a t i o n  i n t o  t h e  i n t e r s t i c e ,  provided t h a t  

T1:e d i s t r i b a t i o -  o f  t h e  i n t e r s t i c e s  can be i l l u s t r a t e d  w i t h  t h e  a i d  of frequency 
d l s t r i b s t i o n  curves.  7;?ese can a l so  be presen ted  i n  histogram form. The a s s o c i a t e d  
d i f f e r e n t i a l  p re s su re ,  P ,  can a l s o  be used i n s t e a d  of t h e  i n t e r s t i c e  width,  D, a s  
a:: in?epenAect 9a rane te r  i n  t h e s e  h is tograms.  

A l l  i n t e r s t i c e s  j e iong inc  t o  a g iven  p r e s s u r e  class w i l l  no t  be f i l l e d  w i t h  gas  
...,. ..Len 
n?a? ica> le  t o  tLe r a t e s  o f  change o f  t h e  p re s su re .  To permit a simple numerical  
t rea tment  of t:le . ;-steresis curve,  i t  is  assumed t h a t  a cont inued  r i s e  of t he  
d i f f e r e c t i a l  7 re seu re  t o  t he  next  h ighe r  p r e s s u r e  c l a s s  causes  a l l  i n t e r s t i c e s  
o f  t i e  a f f e c t e d  s i z e  not  p rev ious ly  f i l l e d  wi th  gas now t o  be f i l l e d  wi th  gas. 
Vaen the  2 re s su re  r e t u r n s  t o  i ts o r i g i n a l  va lue ,  sone of the  i n t e r s t i c e s  i n  
qaes t ion  a r e  f i ; l e d  wi th  e l e c t r o l y t e .  As a f u r t h e r  s i m p l i f i c a t i o n ,  i t  i s  assumed 
::hat a l l  t h e  I n t e r s t i c e s  i n  ques t ion  a r e  f i l l e d  wi th  e l e c t r o l y t e  aga in ,  when t h e  
2 re s su re  I s  reduced t o  t h e  next lower p r e s s u r e  c l a s s .  

:?;th t i e s e  ass1;3?tions It i s  p o s s i b l e  t o  r e c a l c u l a t e  t h e  exper imenta l ly  de te r -  
s i z e d  ::;:steresis c u x w  f o r  t h e  volune of  t h e  gas t h a t  has  pene t r a t ed  i n t o  t h e  
e l e c t r o d e  as  a i;L?ction of t h e  a i f f e r e n t i a l  p r e s s u r e  t o  a s s o c i a t e d  h y s t e r e s i s  
curves  f o r  :>.e filc per ime te r  and f i l m  a r e a .  An Algol  p r o p a m e  I s  u t i l i s e d  f o r  
t h e  r..ue,-ical t r e a t a e n t .  

t i e  gress'.-e i s  i n c r e a s e c  t o  t h e  r e l e v a n t  p r e s s u r e  Pn under t h e  cond i t ions  

?-.e cas penet ra t io :  x t o  :.le e l e c t r o d e s  f o r  vary ing  d i f f e r e n t i a l  pressure has 
been .-,easuzeC x t i  t:e a i d  o f  a d i l a t o n e t e r ,  s e e  Fig. 7 .  The i n t e r s t i c e  t o r t u o s i t y ,  
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S, can be determined i n  a conventional manner by means r e s i s t a n c e  measurements 
a c r o s s  an e l e c t r o d e  conpletel:; f i l l e d  wi th  e l e c t r o l y t e  i n  a measuring c e l l ,  see 
fig. s. 
3. S t r u c t u r e  of t h e  e l e c t r o l y t e  f i l m  

Tine . a r e a  and th i ckness  o f  t h e  f i l m  a r e  of importance t o  t h e  t r anspor t  of gas ,  e.g., 
ic-drogen o r  owgen,  t o  t h e  e l e c t r o d e  su r face  from t h e  gas  phase r i g h t  through the  
f i l m  t o  t h e  e l ec t rode  su r face .  Other r e a c t a n t s  and r e a c t i o n  products  a r e  transpor- 
t e d ,  however, i n  t h e  l i q u i d  phase a long  t h e  f i l m  t o  o r  f r o n  the  r e a c t i o n  s i t e s  
i:? t h e  e l e c t r o d e  su r face .  These t r a n s p o r t  pa ths  run a long  t h e  f i l m  covering the  
?or-cder g r a i n s ,  and f r o n  g r a i n  t o  g r a i n  v i a  e l e c t r o l y t e  b r idges  and t h e  s i n t e r e d  
f+qct ions  between t h e  g r a i n s .  This  s t r u c t u r e  i s  c a l l e d  t h e  f i l m  network, see  
Fig. 9. The i o n i c  r e s i s t a n c e  of t he  f i l m  network and i t s  r e s i s t a n c e  t o  d i f fus ion  
c f  mchargsd  spec ie s  depend i n  a similar manner on t h e  s t r u c t u r e .  Tie r e s i s t a n c e  
of ti:e f i l n  network t o  m a t e r i a l  mass t r a n s f e r  can t h e r e f o r e  be a s ses sed  through 
measa-enent of t h e  i o n i c  f i l m  r e s i s t a n c e .  

?he a v a i l a b l e  f i l m  a r e a ,  A, i n  a n  e l e c t r o d e  a r e a  o f  1 cm2 can be presented  as an 
equ iva len t  r ec t angu la r  d i s c  from t h e  t r a n s p o r t  p o i n t  of view wi th  t h e  e l ec t rode  
i n  ques t ion  having a l e n g t h  f;Land th i ckness  F. The t r a n s p o r t  i s  thus  assumed t o  
t ake  p l ace  i n  t h e  l o n g i t u d i n a l  d i r e c t i o n .  

The f l l m  t o r t u o s i t y  f has  ano the r  s i g n i f i c a n c e  than t h e  i n t e r s t i c , e  t o r t u o s i t y ,  s, 
p rev ious ly  introduced. Film r e s i s t a n c e  measurements a r e  c a r r i e d  out i n  a c e l l  
s i m i l a r  t o  t h a t  used f o r  de te rmining  t h e  i n t e r s t i c e  t o r t u o s i t y ,  cf. F ig .  8. In 
t h i s  ca se ,  measurements a r e  2erformed on e l e c t r o d e s  provided wi th  a f i n e  l a y e r  
on both  s i d e s  o f  t h e  c o a r s e  l a y e r  w i t h  t h e  gas a p p l i e d  t o  a r i n g  a r ranged  around 
t h e  per iphery .  Eeasurenents  can a l s o  be performed on normal e l e c t r o d e s  provided 
y i th  only one f i n e  l a r e r  w i t h  t h e  a i d  of a t h i n  a u x i l i a r y  f ine- layer  p l a t e  pressed 
d i r e c t  on t o  t h e  gas  s i d e  of t h e  t e s t  e l ec t rode .  

4. P j p i c a l  experimental  r e s u l t s  

Table 1 s h o w  examples of t h e  r e s u l t s  ob ta ined  on d i f f e r e n t  t ypes  o f  porous gas- 
d i f f u s i o n  e l e c t r o d e ,  bu t  not ASEAIs product ion  e l ec t rodes .  

The t o r t u o s i t y ' f a c t o r  s is u t i l i s e d  f o r  determining t h e  f i l m  a r e a  A from the  f i l m  
p e r k e t e r  11. Values a round s = fl could be expected which corresponds t o  t h e  
mean va lue  o f  t h e  r e l a t i o n s h i p  between t h e  s u r f a c e  of a p l ane  s u r f a c e  element 
and i t s  p r o j e c t i o n  on a p l a n e  having an  a r b i t r a r y  s l o p e  r e l a t i v e  t o  t h e  su r face  
element. This  i s  i n  c lose '  agreement wi th  t h e  exper imenta l ly  determined va lues  of 
s accord ing  t o  Table 1. 

The f i l n  a r e a s  f o r  t h e  o w g e n  e l e c t r o d e s  a t  t h e  maximum d i f f e r e n t i a l  p re s su re  i n  
Table 1 agree  f a i r l y  w e l l  w i th  r e s p e c t  t o  o rde r  of magnitude with.  corresponding 
3El' su r faces  and 'wi th  p o r e  s u r f a c e s  c a l c u l a t e d  f r o m  de termina t ions  on pore  dia- 
meters  w i t h  merc.my poros imeter .  As f a r  as hydrogen e l e c t r o d e s  a r e  concerned, 
which con ta in  n i c k e l  b o r i d e  c a t a l y s t ,  t h e  €33" su r face  i s  cons iderably  l a r g e r  than 
t h e  f i l m  a r e a .  These hydrogen e l e c t r o d e s  c l e a r l y  d i sp l ay  a cons iderable  atomic 
roughness compared -Kith t h e  oxygen e l e c t r o d e ,  which i s  a l s o  r e f l e c t e d  i n  a higher 
va lue  o f  t h e  f i l m  t h i c k n e s s .  

- 
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"le mean va lue  o f  t h e  i n t e r s t i c e  wid th ,  5, agrees r a t h e r  w e l l  w i t h  t h e  mean pore 
d iameters  determined w i t h  t h e  mercury poros imeter ,  w i t h  t h e  except ion  of t h e  dbTp 
e l e c t r o d e .  The va lues  of  t h e  f i l m  t o r t u o s i t y ,  f ,  l i s t e d  i n  Table  1, are very  
a p p r o x i n a t i v e  owing t o  t h e  i n e x a c t n e s s  of  the f i l m  t h i c k n e s s e s  determined here. 
When t h e  t r a n s p o r t  p r o p e r t i e s  o f  t h e  f i l m  i n  t h e  l o n g i t u a i n a l  d i r e c t i o n  are t o  
be a s s e s s e d ,  i t  i s  p r e f e r a b l e  t o  u t i l i s e  t h e  r e s i s t a n c e  z as a d i r e c t  meaeure of 
t h i s  t r a n s p o r t  propert:: o f  t h e  f i l m  network. 

fyg- 1: SliomS t h e  f i l m  a r e a  as a f u n c t i o n  o f  the d i f f e r e n t i a l  p r e s s u r e  f o r  an 
0q'c;en e l e c t r o d e  i n  7-3 KOH a t  2 5 O C .  The c u r r e n t  d e n s i t y  a t  -100 mV v e r s u s  Hg/HgO 
1s ? l o t t e d  on t h e  same diagram t o g e t h e r  w i t h  t h e  f i l m  r e s i s t a n c e .  As t h e  d i f fe ren-  
t ia l  p r e s s u r e  i n c r e a s e s ,  t h e  c u r r e n t  d e n s i t y  rises i n  p r o p o r t i o n  t o  t h e  f i l m  area, 
and then  p a s s e s  through a maximum f o r  a f u r t h e r  i n c r e a s e  i n  t h e  d i f f e r e n t i a l  pres- 
s u e ,  -&en t h e  f i l n  r e s i s t a n c e  starts t o  become cons iderable .  These c o n d i t i o n s  
a r e  s c i t a b l e  f o r  a f u t h e r  s imple a n a l y s i s .  

5.  Divis ion  of e l e c t r o d e  r e s i s t a n c e  i n t o  component terms 

L i m i t  in,; c u r r e n t  d e n s i t y  cannot be observed i n  t e c h n i c a l l y  i n t e r e s t i n g  e l e c t r o d e s  
a t  t h e  reconmended s e r v i c e  condi t ions .  The cur ren t -vol tage  c h a r a c t e r i s t i c  o f  a 
f u e l  c e l l  during s h o r t - t e r n  r u n s  i s  g e n e r a l l y  l i n e a r  down t o  c e l l  v o l t a g e s  c l o s e  
t o  zero.  The apparent  i n t e r n a l  r e s i s t a n c e  i n  t h e  f u e l  c e l l  i s  t h u s  p r a c t i c a l l y  
speaking cons tan t  f o r  a v a r y i n g  load,  but  w i t h  o therwise  cons tan t  o p e r a t i n g  
c o n d i t l o n s ,  i f  low l o a d s  a re  neglec ted .  

Tie i n t e r n a l  r e s i s t a n c e  o f  t h e  f u e l  c e l l  can be d iv ided  up i n  t h e  f irst  p l a c e  
i n t o  t h r e e  te rns :  one term a s s o c i a t e d  w i t h  t h e  i o n i c  c o n d u c t i v i t y  i n  t h e  e lec t ro-  
l y t e  space and t h e  e l e c t r o n i c  c o n d u c t i v i t y  i n  e l e c t r o d e s  and c u r r e n t  c o l l e c t o r s ,  
one t e r E  a s s o c i a t e d  wi th  t h e  s p e c i f i c  cathode f u n c t i o n s  and one t e r n  a s s o c i a t e d  
wi th  tl;e s p e c i f i c  anode f u n c t i o n s .  These terms, which can each be experimental ly  
determined a r e  a l s o  large17 speaking c o n s t a n t  and independent  of  t h e  c u r r e n t  den- 
s i t y ,  w i t $  t h e  except ion of  oxygen e l e c t r o d e s  under low load.  

5 Eie ap?aren+. e l e c t r o d e  res is tance i n  i t s  t u r n  can be f u r t h e r  d i v i d e d  i n t o  terms, 
p a r t i z l  r e s i s t a n c e s ,  having a p h y s i c a l  s i g n i f i c a n c e .  These p a r t i a l  r e s i s t a n c e s  
can be conceived as v a r y i n g  i n  such a way t h a t  t h e i r  sum t o t a l  w i l l  remain cons tan t  
in agreement wi th  e x p e r i n e n t a l  observa t ions .  As an a l t e r n a t i v e ,  t h e  d i f f e r e n t  
conponent r e e i s t a n c e s  a r e  each c o n s t a n t ,  t o  t h e  e x t e n t  t h a t  t h e y  are not  negl i -  

/ gib:;- small compared w i t h  t h e  t o t a l  e l e c t r o d e  r e s i s t a n c e .  

%e r e a c t i o n  pa th  from t h e  gas space t o  t h e  i n s i d e  of  the  f i n e  l a y e r  via t h e  
' e l e c t r o c h e c i c a l  r e a c t i o n  s t e g  i n  a s e c t i o n  of  a n  e l e c t r o d e  is  assumed t o  pass  
' a c r o s s  t h r e e  s e r i e s - r e s i s t o r s .  The first r e s i s t o r  can r e p r e s e n t  t h e  r e s i s t a n c e  I 

. to  g a s  d i f f u s i o n  a c r o s s  t h e  f i l n  and i s  denoted R The second r e s i s t o r  d e s c r i b e s  
t h e  slowness of t h e  e l e c t r o c h e n i c a l  r e a c t i o n  and 9; denoted R,. The t h i r d  r e s i s t o r  
is a s s o c i a t e d  w i t l  t h e  s lowness  o f  t h e  ion  t r a n s p o r t  a l o n g  t h e  f i l m  and  i s  denoted 
3i. T i e  r e a c t i o n  r e s i s t a n c e  2, i s  aseumed t o  be c o n s t a n t  f o r  t h e  r e l e v a n t  low 
c a r r e n t  d e n s i t i e s ,  cor respondinc  t o  a l i n e a r  r e l a t i o n s h i p  between c u r r e n t  d e n s i t y  
and a c t i v a t i o n  p o l a r i s a t i o n .  The gas-d i f fus ion  r e s i s t a n c e ,  Re, i s  i n v e r s e l y  propor- 
t i o n a l ,  w i t 3  t h e  o t h e r  c o n d i t i o n s  be ing  c o n s t a n t ,  t o  t h e  f i l m  area i n  t h e  s e c t i o n  
dB an? t h e  a b s o l u t e  T r e a s u r e  p. (Tie  f i l m  t h i c k n e s s  F i s  assumed t o  be cons tan t . )  
?he ion  migra t ion  r e s i s t a n c e  R i  i s  C i r e c t l y  p r o p o r t i o n a l  t o  t h e  f i l m  r e s i s t a n c e  z. 
-se t o t a l  r e s i s t a n c e  a t  can be w r i t t e n  a s  

~ 

1 

n. 
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There  C 1 ,  C2 and C3 are assumed t o  be cons t an t  t o  t h e  e x t e n t  t h a t  t h e  component 
r e s i s t a n c e s  a r e  small i n  r e l a t i o n  t o  t h e  t o t a l  r e s i s t a n c e .  The q u a n t i t i e s  dA and 
z vary wi th  the  d i f f e r e n t i a l  p re s su re ,  e t c .  If t h e  e l e c t r o d e  i s  assumed t o  be 
very t h i n ,  &. ( 5 )  may app ly  t o  t h e  e n t i r e  coarse  l a y e r ,  and t h e r e f o r e  t h e  f i lm 
a r e a  A i s  in t roduced  i n s t e a d  o f  dA i n  Eq. (a ) .  The r e s i s t a n c e  terms R t ,  Rg, Rr 
and i?i w i l l  then have t h e  quan t i ty  ohm 

Despite t h i s  cons ide rab le  s i m p l i f i c a t i o n  o f  t h e  a c t u a l  condi t ions ,  @. ( 5 )  has 
been found t o  r e s u l t  i n  a q u a l i t a t i v e  agreement a l s o  wi th  t h e  r e l a t i v e l y  th i ck  
e l e c t r o d e s  u t i l i s e d  f o r  t h e s e  measurements. 

cm and r ep resen t  weighted mean values. 

The f i l m  d i f f u s i o n  i s  t h e  d e c i s i v e  f a c t o r  f o r  low f i l m  a r e a s ,  and t h e r e f o r e  the 
c o n s t a n t , C 1  can be e a s i l y  es t imated  from data f o r  very  low d i f f e r e n t i a l  p ressures .  
The cons t an t  C 1  i s  t h u s  es t imated  from t h e  ? l o t t i n g  of t h e  e l ec t rode  r e s i s t ance  
R t  as a func t ion  of t h e  i n v e r t e d  product f i l m  a r e a  x abso lu te  p re s su re ,  i . e . ,  
1 / ( A  p ) .  (The e l e c t r o d e  r e s i s t a n c e  f o r  t h e  hydrogen e l e c t r o d e  has  been deter-  
mined through d i v i s i o n  of 0.10 V by t h e  cu r ren t  d e n s i t y ,  i n  A/cm2, a t  0.1 V pola- 
r i s a t i o n ,  and f o r  t h e  oxygen e l ec t rode  by d i v i s i o n  o f  0.17 V by t h e  cur ren t  den- 
s i t y  a t  -0.1 V ver sus  Eg/QO.) A s t r a i g h t  l i n e  i s  drawn tbrough t h e  o r i g i n  and 
p o i n t s  corresponding t o  small f i l m  a r e a s ,  where t h e  d i f f u s i o n  through t h e  f i lm 
i s  assumed t o  be ra te -de termining ,  Fig. 11. A s  a rule, t h e  c l u s t e r  of p o i n t s  i s  
d e f l e c t e d  near t h e  Y-axis and i n t e r s e c t s  t h i s  a t  t h e  o rd ina te ,  which does not l i e  
a t  zero because o t h e r  p rocesses  than  d i f f u s i o n  bacome rate-determining f o r  higher 
c u r r e n t  d e n s i t i e s .  Vith t h e  cons tan t  C 1  determined i n  t h i s  manner, R r  + R i  = 
= R t  - C l / A  p i s  p l o t t e d  i n  a new diagram as a func t ion  of the f i l m  r e s i s t a n c e  
z. A s t r a i g h t  l i n e  i s  drawn through p o i n t s  a s s o c i a t e d  wi th  h igher  r e s i s t a n c e  
=lues ,  c f .  Fig. 1 2 .  Th i s  g i v e s  t h e  cons t an t  term C2, which is t h e  o rd ina ta  i n  
t h e  o r i g i n ,  and t h e  cons t an t  C3, which i s  t h e  s lope  c o e f f i c i e n t  f o r  t h e  l i n e  of 
r eg res s ion .  The c o n s t a n t s  a r e  t e s t e d  b;. means of c a l c u l a t i o n  of  cu r ren t  d e n s i t i e s ,  
which a r e  con2ared w i t h  t h e  measured va lues .  As a r u l e ,  t h i s  g i v e s  a s a t i s f a c t o r y  
r e l a t i o n s h i p  wi th  a s t r a i g h t  l i n e  a c r o s s  t h e  e n t i r e  range  f r o m  very  low cur ren t  
d e n s i t i e s  t o  Sigh ones. 

I n  t h i s  way it is c l e a r l y  p o s s i b l e  t o  d i v i d e  up t h e  apparent  e l e c t r o d e  r e s i s t a n c e  
i n t o  a cons tan t  term, a term determined by t h e  f i l m  a r e a  and a term determined by 
t h e  f i l m  r e s i s t a n c e ,  c f .  Table 2. The cons t an t  term p lays  a r e l a t i v e l y  important 
r o l e  f o r  t h e  experimental  e l e c t r o d e s  and t h e  comparatively l o w  temperatures used 
dur ing  t h e  neaswements  f o r  Table 2,  which impl i e s  t h a t  t h e  e l e c t r o c a t a l y t i c  
a c t i v i t y  i s  the  l i m i t i n g  f a c t o r  i n  t h e s e  cases .  Table 2 a l s o  shows how t h e  th ree  
component r e s i s t a n c e s  va ry  wi th  t h e  d i f f e r e n t i a l  p re s su re  and t h u s  hoa t h e  ra te -  
d e t e r n i n i n g  s t ep  depends on t h e  d i f f e r e n t i a l  p re s su re .  

Table 3 l i s t s  c a l c u l a t e d  v a l u e s  o f  t h e  e l e c t r o d e  p o l a r i s a t i o n  f o r  t h e  oxygen 
e l e c t r o d e  type AHT a t  50°C i n  Table 2. These c a l c u l a t e d  va lues  ag ree  wi th  the  
measured value o f  0.17 V a c r o s s  t h e  e n t i r e  h y s t e r e s i s  curve,  which must be i n t e r -  
p r e t e d  as i n d i c a t i n g  t h a t  E q .  ( 5 ) ,  a t  l e a s t  f o r  t h i s  type o f  porous. gas-diffusion 
e l e c t r o d e ,  e f f e c t i v e l y  p r e s e n t s  from t h e  p r a c t i c a l  po in t  of view t h e  e l ec t rode  
r e s i s t a n c e  and i t s  deaendence on t h e  s t r u c t u r e  parameters.  
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Fig.1. E l e c t r o l y t e  f i l m  i n  a porous gas-d i f fus ion  e l e c t r o d e  
(frorn r e f e r e n c e s  1 and 2 )  

r ' ic.2. Sec t ion  throk-h t h e  coa r se  layer of a working e l e c t r o d e  
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Fig.  3. The e l e c t r o d e  s e c t i o n  viewed from t he  s i d e  ( f o r  t he  
n o t a t i o n  see  Fig.  2 )  
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Fig. 4. Gas p e n e t r a t i o n  i n t o  a hydrogen e l e c t r o d e ,  given as cm3 
gas/cn2 e l e c t r o d e  ( V ) ,  and e lec t rochemica l  a c t i v i t y ,  given 
a s  A/crn2 a t  BOO nV vers’rls FI/H+;O, a s  a func t ion  of t he  
d i f f e r e n t i a l  p re s su re  P, dyn/cm* 
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0 I '  

Fig. 5. The film perimeter N, cm/cm2 electrode as a function 
of the differential pressure P, dyn/crn a 

Fig. 6. Interstice model for the treatment of electrolyte 
penetration 
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Fig. 7 .  Dilatometer for measuring the gas pene- 
tration into porous gas-diffusion 
eleotrode 
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Fig. 8. Arrangement for determining the electrolyte 
resistance in fuel-cell electrodes 
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taken u p L  , dlayerl taken up 
bv gal by electrolyte 

Fig. 9. Kodel of the f i l m  network and the equivalent d i s c  

Film area A x10’ cm*/crn’ 
Film resistance Zx 10 ’ Rcm 
Current donsity 1x10’ A / c ~ ~  
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Differential pressure Px 10 dyne/cm’ 
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Fig. 10. Film area A, cm /an2 electrode, f i lm  re i s tance  z ,  
ohm * cn, and electrode a c t i v i t y ,  m~/m 
versus Bg/EgQ, as a function o f  the d i f f e r e n t i a l  
pressure P, dyn/cm2, fo r  an oxygen eleatrode in  
7-N KOH a t  2 5 O C  

at -100 mV 
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l/(Ap)x 10*cmz/dyne 

Fig. 11. Estimation of the constant C1 in Eq. (5) 
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Fig. 12. Estimation of the constants C and C in E q .  (18) 
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